Treponema pallidum contains hyaluronidase (Hase) associated with its surface. Experiments were performed to determine the functional role of this enzyme in syphilitic infection. The effects of incubating organisms with rabbit anti-bovine Hase or normal or immune sera were compared. Preincubation of treponemes with anti-Hase resulted in inhibition of treponemal degradation of hyaluronic acid, indicating that these antisera did in fact retard enzyme activity. Anti-Hase did not immobilize or neutralize T. paUlidum. In addition, rabbits were immunized with bovine Hase and then challenged intradermally with organisms; subsequent lesion development was not affected. Anti-Hase did not block treponemal attachment to cultured testicular fibroblasts but did inhibit attachment to isolated capillaries. Rabbit amnions were used as an in vitro model for dissemination of T. paUidum. Anti-Hase retarded the penetration of organisms through the amnions. This inhibitory effect was dependent on the presence of amniotic hyaluronic acid. When this glycosaminoglycan was selectively removed, the anti-Hase lost its ability to inhibit treponemal penetration. When exogenous hyaluronic acid was added back to treated amnions, the inhibitory effect of anti-Hase was restored. Evans blue experiments were used to characterize treponeme-induced vascular leakage following intradermal inoculation of T. pallidum. Prior treatment of organisms with anti-Hase reduced dermal leakage of the dye, indicating the involvement of the treponemal Hase in causing vessel leakage. Finally, rabbit testicular infections were used as an in vivo model for dissemination; one testis was infected, and after 10 to 13 days, treponemes in the opposite testis were quantitated. The anti-Hase restricted dissemination of organisms. These findings point to the functional role of the treponemal Hase in facilitating disseminated syphilis.
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Immediately after Treponema pallidum enters the body, it disseminates to other tissues. Raiziss and Severac (24) isolated treponemes from the bloodstream 5 min after testicular inoculation. Kolle and Evers (16) found organisms in draining lymph nodes 30 min after scrotal injection. Cumberland and Turner (3) showed that only 7% of the inoculum remained in testicular tissue after 2 h. The term spreading factor was originally applied to substances that increased tissue permeability. Hyaluronidase (Hase) was one of the earliest spreading factors identified. Since testicular tissue contains large amounts of this enzyme and T. pallidum is passaged in this tissue, Scott (29) first suggested that Hase may play some role in syphilitic infection. Based on shortened incubation periods in treponemal preparations incubated with this enzyme, Scott and Droegemueller (30) demonstrated that Hase was in fact related to treponemal invasiveness.
The above findings involved the testicular Hase that originates from host tissue during extraction of organisms. Two more recent reports have indicated that T. pallidum also contains Hase activity (6, 7) . This enzyme is surface associated, as shown by immunofluorescence and radioimmunoassay techniques. Antibodies to the Hase enzyme develop during syphilitic infection and these antibodies or inflammatory mediators eventually restrict Hase activity.
In 1979 (7) we presented the first hypothesis to explain treponemal attachment to cultured cells. Treatment of these cells with bovine Hase followed by inoculation with organisms resulted in significant decreases in the number of attached T. pallidum (9) . This suggested a direct treponemal interaction with cultured cell surface glycosaminoglycans.
Immune rabbit sera, specifically the immunoglobulin G (IgG) fraction, block treponemal attachment to cultured cells (8, 13, 14) . Some of this antibody-blocking activity was effectively absorbed by incubating the immune sera with bovine Hase (7). We hypothesized that one mechanism of attachment involved treponemal Hase reacting with its substrate glycosaminoglycan on the cultured cell surface. In the past 8 years additional research has demonstrated that attachment is a very complex process involving a number of different mechanisms. T. pallidum attaches to hyaluronic acid (HA), chondroitin sulfate, fibronectin, laminin, collagen I, and collagen IV (13) . Attachment to fibronectin is attributed to specific treponemal ligands (22) . Besides cultured cells, treponemes also attach to isolated capillaries (23), purified basement membranes (13) , cultured nerve cells (25) , and macrophages (19) . In addition, different populations of T. pallidum exhibit different attachment abilities (12) . (21, 34) . High titers of anti-Hase were detected in these sera, and these antibodies cross-reacted with the treponemal Hase (6, 7). As a source of complement for the immobilization experiments, normal rabbit sera were freshly harvested, divided into portions, and frozen at -70°C; these sera were stored for a maximum of 3 weeks.
Viscometry. Relative viscosity was determined with Cannon 7 viscometers (Cannon Instruments, State College, Pa.) in a water bath at 37°C. The times required for test solutions to pass through a 75-,ul volume were recorded. Readings were taken three to five times and averaged. T. pallidum at 108 organisms per ml was suspended in 1 ml of normal sera or 1 ml of anti-Hase sera; after 2 h of incubation, motility in both preparations was above 90%. At this time an equal volume of HA at 2,000 ,ug/ml was added. Samples were tested after 10, 30, 60, and 120 min. A standard curve was plotted by determining the viscosity of commercial HA in 50% heated rabbit sera at 1,000, 900, 800, 700, 600, 500, 400, 300, 200, and 100 p,g/ml. The relative viscosities in each treponemal preparation were then compared with the standard curve to approximate residual HA as a function of treponemal degradation.
Immobilization and neutralization. Modifications of the procedures for immobilization and neutralization have been described (5) . For immobilization, T. pallidum was suspended in extraction medium at 2 x 107 organisms per ml. Tubes contained 1.4 ml of treponemes, 0.4 ml of fresh rabbit complement, and 0.2 ml of heated normal, heated immune, or heated anti-Hase sera. These suspensions were incubated in 2.5% oxygen at 37°C. Motility was observed after various periods of time. The time to reach 50% motility was then determined graphically. For neutralization, T. pallidum was suspended in extraction medium at 2 x 104/ml. Our protocol (5) differs from the original protocol of Bishop and Miller (1) in that complement was not added, higher serum concentrations were used, and the gas environment contained 2.5% oxygen. One milliliter of treponemes was incubated with 1 ml of heated normal, heated immune, or heated anti-Hase sera in 2.5% oxygen at 37°C for 18 h. Duplicate 0.1-ml samples were then injected intradermally into female rabbits.
Attachment to fibroblasts and capillaries. Cultured fibroblasts derived from rabbit testis were grown to 50% confluency as described previously (11) . Capillaries were isolated from rabbit brain tissue and suspended in 4 ml of extraction medium by published procedures (23) . A volume of 2.7 ml of T. pallidum at 5 x 107/ml was added to 0.3 ml of heated normal, heated immune, or heated anti-Hase sera. These preparations were incubated for 18 to 20 h to maximize blocking activity (8, 23 ). These preincubated organisms were then added directly to --he cultured cells or to the isolated capillaries that had been pelleted by centrifugation (23) .
After 3 to 5 h, attached organisms were counted on at least 50 cells or 50 capillaries.
Amnions. Rabbit pregnancies were terminated on day 27 to 30 of gestation. The uterine sac was surgically removed, and the individual amniotic membranes were separated from the chorions by sterile procedures (4). The amnion was placed into a sterile Bionique chamber (Coming Glass, Coming, N.Y.), with the epithelial cell layer facing down. The bottom plastic chamber was precoated with laminin in phosphate-buffered saline (PBS, pH 7.0) at 25 ,ug/ml for 30 min. Excess laminin was discarded and replaced with treponemal extraction medium. T. pallidum (1 ml at 5 x 107 organisms per ml) was incubated with 1 ml of heated normal, heated immune, or heated anti-Hase sera for 2 h and then added directly to the top of the chamber. Chambers were incubated in 2.5% oxygen at 37°C. After various periods of time, 10-rd samples of the bottom fluid were removed, and the number of treponemes was counted (20) . To isolate "purified" basement membranes, amnions were exposed to 1% NH40H for 7 min (15, 17, 27) . Excess NH40H was removed by washing 10 times with PBS. This treatment removes the layer of epithelial cells, the stromal fibroblasts, and the layer of glycosaminoglycans, leaving the basement membrane intact (28) . To determine the role of exogenous HA, T. pallidum was suspended in extraction medium or extraction medium containing HA at 2,000 jig/ml; 1 ml of these two preparations was added to 1 ml of heated normal or heated anti-Hase sera. These four preparations were incubated for 2 h and then placed on NH40H-treated membranes.
Evans blue reactions. Procedures for treponeme-induced dermal leakage of Evans blue have been reported (6, 33) .
Briefly, 2.7 ml of T. pallidum at 5 x 107 organisms per ml was incubated with 0.3 ml of heated normal, heated immune, or heated anti-Hase sera for 2 h at 37°C. At this time, motility remained above 90%. Female rabbits were injected with 2 ml of 2.5% Evans blue in the marginal ear vein. The three treponemal preparations were injected intradermally in a volume of 0.2 ml at duplicate sites. As positive controls for comparison, 0.2 ml of bovine Hase in extraction medium was injected intradermally at duplicate sites to yield final concentrations of 270, 27, and 2.7 U of Hase per site. The bluing reactions for these three concentrations were arbitrarily characterized as 3+, 2+, and 1+ according to previously published research (6) . Thus, each rabbit was injected with the three treponemal preparations and with the three control Hase concentrations to bypass the occasional problems of rabbit-to-rabbit variation. All sites were read 1 h after dermal injection. As a negative control, 0.2 ml of extraction medium was also injected and caused no detectable leakage (0+) at the site of dermal inoculation. T. pallidum at 108 organisms per ml was suspended in 1 ml of hetaed normal sera or heated anti-Hase sera for 2 h. An equal volume of HA was added to yield a final concentration of 1,000 ,ug/ml in 50% sera. Relative viscosities were determined after 10, 30, 60, and 120 min. Bars represent the standard error of the mean (SEM) for seven separate experiments.
RESULTS
Functional activity of anti-Hase sera. The anti-Hase sera cross-reacts with both the treponemal and the testicular Hase, as previously shown by Ouchterlony, immunofluorescence, and radioimmunoassay techniques (6, 7). It was important to determine whether these antibodies would also inhibit the enzymatic degradation of HA. T. pallidum was incubated for 2 h with normal or anti-Hase sera. HA at 1,000 jig/ml was added, and degradation of this glycosaminoglycan was followed for 2 h. Figure 1 summarizes averaged data from seven experiments. In normal sera, 50% of the HA was degraded within 24 min; in anti-Hase sera, degradation was retarded, and 50% degradation of the HA required 64 min. After 2 h, 130 p.g of HA per ml remained in the normal sera, contrasted with 330 ,ug/ml in the anti-Hase sera. Thus, the antibodies interfered with the functional activity of the treponemal Hase.
Immobilization and neutralization. Treponemal antibodies that immobilize or neutralize T. pallidum appear to do so through specific reactivity with surface antigens. The antiHase antibodies bind to the treponemal surface, as shown by immunofluorescence and radioimmunoassay tests (6, 7) . Experiments were performed to assess the potential immobilization and neutralizing abilities of anti-Hase sera. Table 1 presents averages of six immobilization and three neutralization experiments. Immune sera were used as the positive control to ensure proper functioning of both assays. As indicated by the time required to reach 50% motility, im- mune sera immobilized the treponemes, whereas anti-Hase sera did not. In similar fashion, immune sera neutralized the treponemes, whereas anti-Hase sera did not. Although both parameters were negative, these results did indicate that T. pallidum could be incubated with anti-Hase for 18 to 20 h without affecting its motility or virulence. In vivo reactivity. The above observations apply to in vitro exposure of treponemes to anti-Hase sera. Additional experiments were performed to investigate the in vivo effects of anti-Hase antibodies. Eight rabbits were immunized and challenged with bovine Hase to elicit high titers of antibodies. T. pallidum at 104 organisms per site was then injected intradermally (four sites per back) into these eight rabbits and into eight normal rabbits. No differences in subsequent lesion development were detected. In both groups, incubation periods averaged 12 to 13 days, and all 64 sites developed lesions. Thus, anti-Hase in vivo did not effect treponemal virulence.
Blockage of attachment. Immune sera block treponemal attachment to cultured cells (9, 14) , isolated capillaries (23), and extracellular matrix components (13) . Immune sera also contain antibodies to the treponemal Hase (6, 7). We have previously hypothesized that treponemal attachment is partially mediated by treponemal Hase binding to cellular glycosaminoglycans (7) . If this is correct, then anti-Hase should inhibit treponemal attachment. T. pallidum was incubated with normal, immune, or anti-Hase sera for 18 to 20 h. At this time, motility in all three preparations was above 70%. These treated organisms were then added to cultured cells or to isolated capillaries. After 3 to 5 h, the number of attached organisms was counted ( Table 2) . As expected, immune sera blocked treponemal attachment to the cultured cells (71% blockage) and to the capillaries (83% blockage), indicating proper functioning of the assay. Anti-Hase sera did not interfere with attachment to cultured cells but did inhibit attachment to capillaries (52% blockage).
Amnion penetration. T. pallidum rapidly gains access to the circulation after entering the host (3, 16, 24 counted ( Fig. 2A) . After 1 h, the low treponemal counts indicate that the integrity of the amnion remained intact. In the preparation containing normal sera, large numbers of treponemes penetrated the amnion. In contrast, the immune and anti-Hase sera retarded treponemal penetration (five-to ninefold reduction after 11 h).
Amnions were treated with NH40H to remove the layer of HA, the stromal fibroblasts, and the layer of epithelial cells, leaving the basement membrane intact (15, 17, 27) . T. pallidium was incubated with normal, immune, or anti-Hase sera for 2 h and then added to the treated amnions (Fig. 2B) . Only the immune sera inhibited treponemal penetration through the basement membranes. Similar numbers of organisms had disseminated in the preparations containing normal and anti-Hase sera.
To determine the role of amniotic HA, the following protocol was used. Organisms were incubated for 2 h in normal or anti-Hase sera, and each preparation was divided in two; HA at 1,000 ,Lg/ml was added to two of the tubes. All four preparations were then incubated with NH40H-treated amnions for 10 h, and disseminated treponemes were counted (Table 3 ). In the absence of exogenous HA, antiHase sera did not effect treponemal dissemination through the basement membrane. In direct contrast, when HA was present, the anti-Hase sera did inhibit treponemal penetration (threefold reduction). These observations implicate HA in the inhibitory effects of anti-Hase sera. (6) , and it was presumed that this resulted from its Hase activity. If this is correct, anti-Hase sera should inhibit treponeme-induced dermal leakage. Treponemes were incubated for 2 h with normal, immune, or anti-Hase sera. Rabbits were injected with Evans blue as the marker for vessel leakiness and then with the three treponemal preparations. As positive controls, bovine Hase at 270, 27, and 2.7 U was also injected. Previous research had indicated that these concentrations should produce approximate reactions of 3+, 2+, and 1+ (6) . A total of 10 rabbits were tested, with duplicate sites for each preparation (Fig. 3) . For the three positive Hase controls, slight variation was detected at the middle concentration; average reactions were 2.90+, 1.55+, and 0.90+. Treponemes incubated with normal sera produced an average reaction of 2.40+. The immune sera slightly reduced treponemal vessel damage, producing an average reaction of 1.85+ (26% reduction). Better inhibition occurred in the treponemal preparation containing anti-Hase sera; the average reaction was 1.40+ (42% inhibition). These findings implicate the treponeme-associated Hase in the damage of capillary integrity.
Testicular dissemination. When one testis is injected with T. pallidum, organisms readily disseminate to the other testis (31) . In the last series of experiments, this model was used to characterize the role of treponemal Hase in dissemination. T. pallidum was incubated for 18 to 20 h in normal or anti-Hase sera; motility in both remained above 70%. Treponemes were injected only into the right testis. Twenty rabbits were injected, 10 with treponemes treated with normal sera and 10 with anti-Hase sera. Ten to 13 days later, animals were sacrificed, and both testes were extracted and counted separately (Table 4) . Anti-Hase treatment inhibited treponemal dissemination to the opposite testis. For the normal sera preparations, the right testis contained 6.62 x the basis of percent dissemination, this represents a 6.6-fold reduction in treponemal numbers. Of the 10 rabbits injected with treponemes plus normal sera, 8 contained detectable levels of T. pallidum in the opposite testis. In contrast, in the anti-Hase group, only 3 of 10 rabbits had detectable treponemes in the opposite testis. These findings point to a direct role of Hase in facilitating treponemal dissemination.
DISCUSSION
The purpose of this research was to determine the functional role of the treponeme-associated Hase. We had previously postulated that this enzyme was involved in the attachment of T. pallidum to cultured cells (7) . Rabbit anti-bovine Hase that cross-reacts with treponemal Hase (6, 7) was used to test the validity of this hypothesis. Importantly, the anti-Hase, besides reacting immunologically, also inhibited the functional activity of the treponemal Hase in degrading HA (Fig. 1) . Although this enzyme appears to be associated with the surface of T. pallidum (6, 7) , reaction with anti-Hase did not immobilize or neutralize the organisms. Thus, the longer in vitro incubations with anti-Hase (18 to 20 h) did not affect treponemal survival.
Exposure of treponemes to the anti-Hase did not inhibit attachment to the cultured testicular cells, but did block attachment to the isolated capillaries. In relative terms, these capillaries have a much higher concentration of HA on their surfaces (18) . Past research (13) had demonstrated that T. pallidum directly binds to HA coated onto cover slips; the organism also readily binds HA in suspension (10) . In unpublished observations, when HA was added to cultured cells, subsequent inoculation with treponemes resulted in two-to threefold increases in the number of organisms attached to the cultured cells.
The rabbit amnion experiments also directly related treponemal Hase to host HA. To gain access to the bloodstream or lymphatics, T. pallidum must penetrate a number of barriers, including the extracellular matrix which contains high levels of HA, the thick layer of HA that surrounds the vessel basement membrane, the intact basement membrane, and finally the layer of endothelial cells. The amnion provides a somewhat similar set of barriers. It comprises a thick outer layer of HA, a few stromal fibroblasts, an intact basement membrane, and a single layer of epithelial cells. Incubation of T. pallidum with anti-Hase decreased dissemination through the amnions. When amniotic HA was removed by treatment with NH40H (7, 15, 27) , the anti-Hase lost its ability to retard dissemination. This blocking activity The in vivo Evans blue and in vitro amnion experiments provided information about treponemal damage of vessel integrity and treponemal passage through intact membranes. The experiments involving injection of T. pallidum into one testis with subsequent spread to the opposite testis provided information not only about entry into the vasculature, but also about exit from the vasculature into distant tissues. Dissemination to the uninfected testis was inhibited by anti-Hase, pointing to the functional role of this enzyme in enhancing spread of T. pallidum to other tissues.
We had proposed 8 years ago that T. pallidum attached to cultured cells through interaction of its Hase with cellular HA (7). This original hypothesis needs to be modified. If the sole mechanism of cultured cell attachment were through treponemal Hase, prior incubation with anti-Hase should have resulted in decreased attachment. It did not. We initially postulated that T. pallidum, like many other microorganisms, specifically attaches to host tissues as an important part of infection (8) . If the anti-Hase did in fact block tissue attachment in vivo, it should have correspondingly decreased treponemal virulence. It did not.
We now modify our original hypothesis to reflect these discrepancies. We will present a speculative model to relate the findings in this paper to our previously published observations in terms of treponemal attachment mechanisms. The purpose of this speculative model is to provide future direction for continuing these investigations. Conceivably, T. pallidum initially reacts through Hase binding to cultured cell HA. After enzymatically degrading the surface coating of HA, the organism directly contacts cultured cell constituents such as collagens, fibronectin, and laminin (13) and binds to them via specific treponemal ligands (22) . This ligand-cultured cell receptor interaction may then be responsible for the characteristic end-on, firm attachment (11) .
This modified attachment scheme could work in vivo as follows. The treponemal Hase acts as a spreading factor to enhance dissemination to other tissues through direct interaction with and enzymatic degradation of host HA, facilitating treponemal movement through the viscous extracellular matrix. This mechanism would enable the treponemes to penetrate the thick HA layer surrounding vessels, to eventually reach the vascular basement membrane. At this point, treponemal ligands for collagen IV, laminin, or fibronectin could mediate attachment to this membrane (13, 22) , with eventual penetration and entry into the vasculature. In terms of immunologic phenomena, immune sera but not anti-Hase inhibited dissemination through the amniotic basement membrane. Previous work has shown that immune sera blocked attachment to the basement membrane components of collagen IV, laminin, and fibronectin (13) . Four older reports detailed the histologic events following injection of T. pallidum into immune rabbits (2, 3, 26, 32 (6, 7) could restrict treponemal movement through the extracellular matrix; and the antibodies that block attachment to vascular basement membranes could then restrict entry into the circulation (13, 23) .
